Intraerythrocytic malaria parasites reside within a parasitophorous vacuolar membrane (PVM) generated during host cell invasion 1 . Erythrocyte remodelling and parasite metabolism require the export of effector proteins and transport of small molecules across this barrier between the parasite surface and host cell cytosol 2,3 . Protein export across the PVM is accomplished by the Plasmodium translocon of exported proteins (PTEX) consisting of three core proteins, the AAA+ ATPase HSP101 and two additional proteins known as PTEX150 and EXP2 4 . Inactivation of HSP101 and PTEX150 arrests protein export across the PVM 5,6 , but the contribution of EXP2 to parasite biology is not well understood 7 . A nutrient permeable channel in the PVM has also been characterized electrophysiologically, but its molecular identity is unknown 8,9 . Here, using regulated gene expression, mutagenesis and cell-attached patch-clamp measurements, we show that EXP2, the putative membrane-spanning channel of PTEX 4,10-14 , serves dual roles as a protein-conducting channel in the context of PTEX and as a channel able to facilitate nutrient passage across the PVM independent of HSP101. Our data suggest a dual functionality for a channel operating in its endogenous context.
Intraerythrocytic malaria parasites reside within a parasitophorous vacuolar membrane (PVM) generated during host cell invasion 1 . Erythrocyte remodelling and parasite metabolism require the export of effector proteins and transport of small molecules across this barrier between the parasite surface and host cell cytosol 2,3 . Protein export across the PVM is accomplished by the Plasmodium translocon of exported proteins (PTEX) consisting of three core proteins, the AAA+ ATPase HSP101 and two additional proteins known as PTEX150 and EXP2 4 . Inactivation of HSP101 and PTEX150 arrests protein export across the PVM 5,6 , but the contribution of EXP2 to parasite biology is not well understood 7 . A nutrient permeable channel in the PVM has also been characterized electrophysiologically, but its molecular identity is unknown 8, 9 . Here, using regulated gene expression, mutagenesis and cell-attached patch-clamp measurements, we show that EXP2, the putative membrane-spanning channel of PTEX 4,10-14 , serves dual roles as a protein-conducting channel in the context of PTEX and as a channel able to facilitate nutrient passage across the PVM independent of HSP101. Our data suggest a dual functionality for a channel operating in its endogenous context.
To interrogate EXP2 function in the intraerythrocytic cycle of Plasmodium falciparum, we employed the recently developed TetR-DOZI-aptamer system 15, 16 to achieve conditional control of EXP2 translation in a clonal parasite line designated EXP2 apt ( Fig. 1a and Supplementary Fig. 1 ). In the presence of anhydrotetracycline (aTc), EXP2 apt parasites demonstrated a roughly 60% reduction in basal EXP2 expression by western blot analysis and displayed a growth defect relative to the parental line ( Fig. 1b,c) . Removal of aTc from the culture resulted in further reduction of EXP2 levels to less than 10% of the parent within 48 h and a complete block in replication, demonstrating that EXP2 is essential for blood-stage survival. We also observed a correlation between the number of merozoites produced per infected red blood cell (RBC) and EXP2 expression levels ( Supplementary Fig. 2 ), demonstrating that EXP2 is important for fitness in the later stages of the parasite developmental cycle 17 .
Similar to other PTEX core components 5, 6 , depletion of EXP2 resulted in a severe defect in the export of effector proteins beyond the PVM (Fig. 1d,e ). This was accompanied by abnormalities in parasitophorous vacuole morphology that could be visualized in Giemsa-stained thin smears ( Supplementary Fig. 3 ) and were revealed by transmission electron microscopy to be tubular distensions of the PVM projecting into the erythrocyte cytosol, in contrast to the normal tight apposition of the PVM to the parasite plasma membrane (PPM) (Fig. 1f ). To test the impact of inactivating a distinct PTEX core component on parasitophorous vacuolar morphology, we utilized a previously reported approach for post-translational conditional inactivation of HSP101 5 that we regenerated in the NF54 attB background used in the present study ( Supplementary Fig. 4 ). In this system, a mutant, unstructured version of Escherichia coli dihydrofolate reductase is fused to the endogenous C terminus of HSP101. Normal function is maintained in the presence of trimethoprim (TMP), whereas withdrawal of this stabilizing ligand leads to rapid inactivation of HSP101. Similar PVM distensions were observed following conditional inactivation of HSP101 ( Fig. 1g ) and presumably arise from the buildup of blocked exported proteins in the parasitophorous vacuolar lumen that either directly expand the volume of the parasitophorous vacuole or alter the osmotic balance within the compartment, leading to swelling. Specificity of exported protein trafficking through PTEX has been hypothesized to occur either through the recognition of unique export signals on cargo secreted into the parasitophorous vacuolar lumen or through dedicated export sub-compartments to which PTEX has privileged access 18 . That PVM distension arises from discrete points, rather than presenting as a uniform PVM swelling, is better explained by the latter model. We tested this possibility with a split GFP approach modelled after a previously reported sub-compartmental split GFP strategy in P. falciparum 19 . This system enabled us to monitor the PTEX accessibility of a soluble GFP1-10 reporter targeted to the parasitophorous vacuolar lumen. Vacuolar GFP fluorescence was observed when a GFP11 tag was fused to the endogenous C terminus of EXP2, PTEX150 or HSP101, indicating that PTEX components are freely accessible by diffusion of non-exported proteins in the parasitophorous vacuolar lumen ( Supplementary Fig. 5 ). This argues against exportdedicated sub-compartments and suggests that other constraints, such as possible sites of PVM-PPM anchoring, contribute to the formation of the distensions observed after EXP2 or HSP101 knockdown. These split GFP assays also indicate that the C terminus of EXP2 resides within the parasitophorous vacuolar lumen.
Peak expression of HSP101 and PTEX150 begins in late schizogony during merozoite formation and extends into the early ring stage shortly after invasion 11, 20 , overlapping with the expression of many exported proteins early in intraerythrocytic development EXP2 is a nutrient-permeable channel in the vacuolar membrane of Plasmodium and is essential for protein export via PTEX Matthias Garten 1 , Armiyaw S. Nasamu 2 , Jacquin C. Niles 3 , Joshua Zimmerberg 1 *, Daniel E. Goldberg 2 * and Josh R. Beck 2, 4 Letters NATurE MIcrObIOlOgy during a period of dramatic host cell remodelling 21 . In contrast, EXP2 transcription peaks later 20 , achieving higher transcript abundance than HSP101 and PTEX150 ( Fig. 2a ). Pulse-chase experiments indicated that EXP2 synthesis also peaks later 11 and time-resolved western blots of tightly synchronized parasites revealed increasing ratios of EXP2 relative to HSP101 as development proceeds Fig. 3 ) and in a single electron microscopy experiment. Scale bars, 500 nm.
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NATurE MIcrObIOlOgy ( Fig. 2b ). Furthermore, the majority of EXP2 was not co-purified by depleting immunoprecipitation of HSP101, particularly in the later part of the cycle when EXP2 levels are highest ( Fig. 2c) . These results suggest EXP2 may serve additional roles beyond PTEXmediated protein export. Disruption of EXP2 orthologs in the related apicomplexan Toxoplasma gondii results in a defect in small molecule transport (but not protein export) across the PVM that can be rescued by complementation with P. falciparum EXP2 13 . The Toxoplasma PVM channel 22 is thought to have similar characteristics to a nutrient-permeable PVM channel of unknown molecular identity in P. falciparum, which was characterized by on-cell patch-clamp and is thought to play a crucial role in nutrient acquisition 8, 9 . As EXP2 is thought to form the protein-conducting PVM channel in PTEX, we tested the hypothesis that EXP2 is also the PVM nutrient-permeable channel 3, 13, 23 . We found that after iso-osmotic bulk release from the host RBCs, parasites remained available within their PVM for patch-clamp recording of membrane permeability, detected as ionic current 24 (Fig. 3a,b ). The application of a voltage revealed a channel that is permeable to nutrient-sized ions such as N-methyld-glucamine and glutamate ( Fig. 3c ). Conductance of the patched PVM was typically in the nanosiemens range and showed stepwise currents when approximately + 30 or − 60 mV were applied to the pipette electrode ( Fig. 3d,e ). Observed step sizes were variable (mode ~190 pS); the largest steps were about 230 pS ( Supplementary  Fig. 6 ), consistent with sub-conductance states described previously for the PVM when scaling conductance for ion concentration 8 . A full channel conductance (~300 pS) can be estimated from stepwise decrements in conductance (presumably channels diffusing out of the patch, Supplementary Fig. 7 ), comparable to a previous report 9 . The reversal potential, close to 0 mV, was estimated from the current response to a step of voltage ( Fig. 3f ). From these steps, a conductance-voltage (G-V) response was constructed for each patch (Fig. 3g ). The G-V response was maximal near zero transmembrane potential and diminished with both positive and negative voltages (V half-open, positive = 29 ± 2 mV and V half-open, negative = − 63 ± 2 mV), also consistent with previous reports 9, 25 . No other discernable channels were observed here, that is, in absence of the channel activity noted above, patches had a resistance of several gigaohms. Channel rundown and the lipid-glass interactions inherent to patch-clamping 26 prevented an estimate of channel densities; attempts to make total channel counts by accessing a 'whole-vacuole' configuration were unsuccessful. Instead, relative PVM channel density was derived as the frequency of channel detection (f chan ): the probability of observing at least one PVM channel in a given patch as determined from a series of patches.
If EXP2 constitutes the PVM channel, then f chan should depend on EXP2 expression. We compared parasites expressing a second copy of EXP2 (~150% wild-type EXP2 levels by western blot analysis, Supplementary Fig. 2 ), the parental strain (100%), EXP2 apt + aTc (~40%) and EXP2 apt − aTc (~10%). There was a tight correlation between f chan and expression of EXP2 ( Fig. 3h , R 2 = 0.98). In contrast, conditional inactivation of HSP101 did not change f chan (Fig. 3i ), or the PVM channel sub-conductance states or voltage response ( Supplementary Fig. 8 ), suggesting that EXP2 function in the PVM channel is independent of its role in the PTEX complex.
If EXP2 is a component of the PVM channel, changes to the EXP2 sequence should alter the electrophysiological characteristics of the channel. The 54 C-terminal residues of EXP2 (S234-E287) are highly charged ( Supplementary Fig. 9 ; 28 negatively charged residues and 6 positively charged residues) and are poorly conserved among apicomplexans outside the Plasmodium genus, suggesting that alternation of this region of EXP2 may not altogether compromise function 13 . Indeed, complementation of EXP2 apt with full length EXP2 or a truncated version lacking residues 234-287 both rescued growth and export following aTc washout ( Supplementary Fig. 9 ). The charged truncated region comprising residues 234-287 is predicted to be in the aqueous space outside the lipid bilayer ( Supplementary Fig. 5 ). Rather than sensing the transmembrane potential, those charges can be expected to sense the potential gradient created by the access resistance of the channel 27,28 (Fig. 4a ). Indeed, following aTc washout to deplete endogenous dashed lines indicate reference current levels. g, Conductance-voltage plot derived from the current-voltage response. Different symbols denote the 6 individual experiments used to create the plot. Solid line is a piece-wise linear fit of all the data points. h, Linear regression of the f chan with the EXP2 abundance by western blot analysis (coefficient of determination (R 2 ) = 0.98, solid line). The error bars denote the 95% confidence interval calculated as previously described 44 . i, Frequency of channel detection (f chan ) in NF54 attB ::HSP101 DDD 18 h after TMP washout to inactivate HSP101 compared to NF54 attB parent line used in h. Error bars calculated as previously described 44 . P value calculations are described in the Methods 'Statistics and reproducibility'. Scale bar, 5 µ m. Current traces are filtered with a 500 Hz 8-pole Bessel filter for display. Information on the sample size is provided in the Methods 'Statistics and reproducibility'.
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EXP2, EXP2 apt ::∆ 234-287 parasites displayed a PVM channel with an altered voltage response. The half-open state with positive and negative voltages was substantially shifted away from 0 mV compared to the parent line, consistent with a diminished voltage response ( Fig. 4b-d ). Single-step conductance was not changed ( Supplementary Fig. 10 ). When expression of full-length EXP2 was induced by the presence of aTc, a heterogeneous voltage response was recorded, consistent with mixed oligomers of full length and truncated EXP2 forming the PVM channel ( Supplementary Fig. 10 ). The slope value of the voltage response was altered significantly for positive applied voltages ( Fig. 4e ,f), consistent with a reduction in apparent gating charge ( Fig. 4g,h ), in accordance with the concept of charge coupling in the region of pore access resistance.
The altered voltage response of the truncation mutant directly indicates that EXP2 gates the PVM channel. Together with the dependence of f chan on EXP2 expression and the observation that EXP2 forms a heptameric PVM pore in the context of PTEX 29 , the most likely explanation of the data is that EXP2 is the nutrientpermeable PVM channel. Our results indicate critical functions of EXP2 as the PTEX protein-translocating pore and the nutrientpermeable channel of the PVM. There is no precedent for a channel protein performing such dual functions. Although other PTEX components are unique to Plasmodium spp. 4 , EXP2 is conserved among vacuole-dwelling apicomplexans 13 and seems to have been further adapted to function as a protein-conducting channel by PTEX150/HSP101 in blood-stage malaria parasites. It remains to be seen if the nutrient-permeable PVM channel is formed in the context of PTEX, by EXP2 alone or by EXP2 with non-PTEX co-factors.
Of these possibilities, the latter two seem to fit with the observations of the expression mismatch between EXP2 and the other PTEX components and the independence of the PVM channel from HSP101 function.
Methods
Parasite culture. Parasites were cultured in human RBCs obtained from donors participating in the NIH Institutional Review Board (IRB)-approved Research Donor Program in Bethesda, MD, for both electrophysiology and intraerythrocytic mulitiplication factor (IMF) experiments. To separate RBCs from serum and other blood cells, samples were spun down four times in RPMI 1640. Parasites were cultured in 5% haematocrit at 1-5% parasitaemia in RPMI 1640 medium supplemented with 25 mM HEPES, 0.1 mM hypoxanthine, 25 μ g ml -1 gentamicin, 0.5% Albumax II (all from Gibco) and 4.5 mg ml -1 glucose (Sigma). For all other experiments, de-identified, IRB-exempt expired RBCs were obtained from the blood bank at the St. Louis Children's Hospital or directly from the American Red Cross and parasite culture was performed as described, with the exception that RPMI 1640 was supplemented with 0.5% Albumax I 30 . Mutant lines were kept under selection drug pressure while cultured.
Genetic modification of P. falciparum. Cloning was carried out by Infusion (Clontech) unless otherwise noted. To edit the exp2 genomic locus, the pre-single guide RNA (sgRNA) expression cassette was cut from the plasmid pAIO 31 through digestion with NotI and ligated into the NotI site in the plasmid pUF-1 32 . The Cas9-2× NLS-Flag coding sequence was then amplified from pAIO using the primers CCACATTTCGAATAAACTCGAGATGGA CAAGAAGTACAGCATCGGCC and GACCTGCAGGGTA CCCCCGGGTTACTTGTCGTCG TCGTCCTTG TAGTCCACTT TCCGCTTTTTCTTAGG and inserted between XhoI and XmaI in the pUF-1-pre-sgRNA plasmid. Thus, replacing the yFCU marker and placing Cas9 under the control of the hsp86 promoter and PbDT 3ʹ UTR, resulting in the plasmid pUF-Cas9-pre-sgRNA. A Cas9 target was selected (red), although not embedded in the bilayer (yellow) due to high charge, sense the electric field in the parasitophorous vacuolar lumen due to the access resistance of the channel. This charge-sidedness could explain the asymmetry in the voltage response ( Fig. 3g ). Positive potential applied to the pipette electrode (grey box) would pull the C terminus towards the bilayer, whereas negative voltages would push the same residues away. As the electric field (dashed) drops non-linearly with distance from the channel mouth, it is to be expected that positive voltages pulling the C terminus couple stronger than negative voltages pushing it away. Qualitatively, this is consistent with the G-V curve being asymmetric and responding more strongly to positive voltages, as well as the increased variability in the statistics of the voltage response with the direction of the field. 
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downstream of the exp2 stop codon (ATATTATGTACAGTATCTGA) and the guide RNA seed sequence was synthesized as a sense and anti-sense primer pair (sense: TAAGTATATAATATTATATT ATGTACAGTATCTGAGTTTT AGAGCTAGAA). The primers were annealed and inserted into the BtgZI site of pUF-Cas9-pre-sgRNA to yield the plasmid pUF-Cas9-EXP2-CT-gRNA. For the installation of aptamers at the exp2 locus, a 5ʹ homology flank was amplified from NF54 attB genomic DNA with the primers TTCAAACTTCATTGACTGTGC CCAAGTTGAGAACAAAAAAT ATTCTATACATGTTACTTC and G AG CT CC GG CA AA TGACAA G GG CC-GG CC CA AA CT AC AG TG TT TG TA TT TT TA TA TACGAAGAATAACAAAAA AAAGGAAAATATATAACTGA CTTTAATTTTAAAA and inserted by Gibson assembly (NEB) into a pJAZZ-based plasmid carrying the necessary TetR-DOZI-aptamer components 16 at FseI. A 3ʹ flank, beginning just downstream of the gRNA target site, was amplified using the primers TACGGTACAAACCC GGAATTCGAGCTCGGGTACAGTATCTGATGG AGAAACAATCTTT TA and ATTGGGTATTAGACCTAGGG ATAACAGGGTAATTCATAAGG AGAGTACATAAAT AAAATAATCAAAC and inserted at I-SceI using Gibson assembly. The exp2 coding sequence (without introns) was recoded to a Saccharomyces cerevisiae codon bias and synthesized as a gene block (IDT) with a 3× HA tag (lower-case letters indicate Gibson assembly overhangs): ggtgatgttgaagaaaatccagg tccaATGAAAGTAAGCTATATCTTTTCCTTT TTTCTGTTGTTCTTTGTCTATAAGAATACAAACACGGTTGTGTGTGAT  AACGGTTATGGGGATTTAGCGGCAACTTCAGCCTTAACTACCGTCATAAA  GGACCCAATCTCCTTGACGATAAAAGACATCTATGAACACGGTGTC  AAAAATCCTTTTACTAAAATCATTCATAAGTTGAAGAAATTTA TCAGG  TATAGAAAAGTATTAAGATGGTCTAGAATGTGGTGGGTATTGCTTG  TTCGTGAGATTGTTGGAGATAATACGATTGAAAAGAAGACAGAGA  AGGCATTAAGAGAAATTTGGGACCAATGCACAATTGCCGTTTACAA  TAATACCCTTAATGCTGTAGAATCCAAACCATTATTGTTCCTGCAT  GGTATACTAAATGAATGTAGAAATAATTTCGCCACAAAACTACGTCA  AGACCCTTCTCTAATTGTGGCAAAGATCGACCAAATCATAAA  ATCCCAAATTTACAGGTTCTGGGTTTCCGAACCATATCTAAAAATC  GGTAGAAGCCATACTCTATACACCCACATAACCCCA GATGCTGTTCCTC  AATTGCCTAAGGAATGTACTCTGAAACATTTGAGTTCTTACATGGAAGAG  AAGTTAAAAAGTATGGAATCTAAAAAGAACATTGAAAGTGGTAA  GTACGAATTTGACGTAGAT TCCTCTGAGACCGATTCAACAAAAGACGA  TGGAAAGCCTGACGATGATGATGATGATGACGACAACTTTGACGAT  GATGACAATTTTGATGATGACACGGTAGAGGAGGAAGACGCCAG  TGGGGATCTGTTCAAGAATGAGAAGAAGGATGAAAATAAAGAGT  ACCCTTATGACGTTCCAGACTACGCTTATCCTTACGACGTCCCCGA CTACG CGTATCCCTACGACGTTCCTGATTACGCTTGAgcgatcgcggatt ataaagatgatgat. This gene block was inserted into the AsiSI site in the modified pJAZZ vector using Gibson assembly, resulting in the plasmid pEXP2 apt . The plasmid was co-transfected into NF54 attB parasites 33 with pUF-Cas9-EXP2-CT-gRNA. From the time of transfection, 1 µ M aTc was maintained in the medium and selection was applied with 2.5 µ g ml -1 Blasticidin-S 24 h post-transfection. After parasites were returned from selection, proper integration was confirmed with the following primers (A, B, C and D, respectively, in Supplementary  Fig. 1 ): GATCATCTCTTATATTAATAGGAATATATGATTTTTCACT, GCTCCGGCAAATGACAAGGG, CGGTCTCAGTGGTGTACGGTA and TCACTTATGTTGTATAGAGACACAATTCGT. A clonal line was derived by limiting dilution and designated EXP2 apt .
For the generation of the HSP101 DDD fusion in the NF54 attB parasite background, a gRNA target site was chosen just upstream of the hsp101 stop codon (TAATAGTAAAGCTAAAAACT) and the gRNA seed sequence was synthesized as a sense and anti-sense primer pair (sense: TAAGTATATAATATTTAATAGTAAAGCTAAAAACTGTTTTAGAGCTAGAA), annealed and inserted into the BtgZI site of the plasmid pAIO, resulting in the plasmid pAIO-HSP101-CT-gRNA. To integrate the dihydrofolate reductase-based destabilization domain (DDD) at the 3ʹ end of hsp101, a 5ʹ homology flank (up to, but not including, the stop codon) was amplified from NF54 attB genomic DNA using the primers GACGCGAGGAAAATTAGCATGCATCCTTAAGGA GA TTCTGGTATGCCACTTGGTTC and CGTATGGGTACCTAGGGGTCTTAGAT AAGTTTATAACTAAGTTTTTAGCTTTACTATT, incorporating a synonymous shield mutation in the protospacer adjustment motif of the gRNA target site within the hsp101 coding sequence. A 3ʹ homology flank (beginning 3 bp downstream of the stop codon) was amplified using the primers CACTATAGAACTCGAGAATTACGCATATATATATATATATATATATATA ACATGGGTTG and GAACCAAGTGGCATACCAGAATCTCCTTAAGGAT GCATGCTAATTTTCCTCGCGTC. The flank amplicons were assembled in a second PCR reaction using the primers CACTATAGAACTCGAGA ATTACGCATATATATATATA TATATATATATAACATGGGTTG and CGTATGG GTACCTAGGGGTCTTAGATAAGTT TATAACTAAGTTTTTAGCTTTACTATT and were inserted between XhoI and AvrII in pPM2GT-3× HA-DDD 5 , resulting in the plasmid pPM2GT-HSP101-3× HA-DDD. The 3× HA sequence was then replaced with a 3× Flag sequence using a QuikChange Lightning Multi Site Directed Mutagenesis kit (Agilent) and the primer CTTAGTTATAAACTTATC TAAGACCCCTAGGGACTACAAGGACGACGACGACAAGGATTATAAAG ATGATGATGATAAAGATTATAAAGATGATGATGATAAAATCAGTCTGA TTGCGGCGTTAG, resulting in the plasmid pPM2GT-HSP101-3× Flag-DDD. This plasmid was linearized at the AflII site between the 3ʹ and 5ʹ homology flanks and co-transfected with pAIO-HSP101-CT-gRNA into NF54 attB . Selection was then applied with 10 µ M trimethoprim 24 h post-transfection. A clonal line was isolated by limiting dilution after parasites returned from selection and designated NF54 attB ::HSP101 DDD .
To generate an endogenous 3× Flag tag at the HSP101 C terminus of NF54 attB and EXP2 apt parasites, the DDD was removed from the plasmid pPM2GT-HSP101-3× Flag-DDD using a QuikChange Lightning Multi Site Directed Mutagenesis kit and the primer GGATTATAAAGATGATGATGATAAAGATTATAAAGATGATGATGA TAAATGACGGCCGCGTCGAGTTATATAATATATTTATG, resulting in the plasmid pPM2GT-HSP101-3× Flag. This plasmid was linearized at the AflII site between flanks and co-transfected with pAIO-HSP101-CT-gRNA into NF54 attB and EXP2 apt parasites. Selection was applied with 10 nM WR99210 24 h post-transfection and clonal lines were isolated by limiting dilution after parasites returned from selection, resulting in the lines NF54 attB ::HSP101-3× Flag and EXP2 apt ::HSP101-3× Flag.
To facilitate integration of complementing second copies of EXP2 into the benign cg6 locus of NF54 attB through integrase mediated attB × attP recombination 33 , the attP sequence was first inserted into the plasmid pyEOE 34 using a QuikChange Lightning Multi Site Directed Mutagenesis kit and the primer GGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTCTG G TT TG-TC TG GT CA AC CA CC GC GG TC TC AG TGGTGTACGGTACA A AC CC GA AT-TC TG GT TT GT CT GG TC AA CC AC CG CG GT CT CAGTGGTGTACGGTACAAA CCCGGAATTCTAGATTTAATAAATATGTTCTTATATATAATG, resulting in the plasmid pyEOE-attP. The full length exp2 coding sequence, without introns, was amplified from NF54 attB complementary DNA with the primers CGAATAAACACGATTTTTTCTCGAGATGAAAGTCAGTTATATATTTTCC TTTTTTTTGTTATTCTTCG and TAACTCGACGCGGCCGCTCACAGGTCC TCCTCGGA GATCAGCTTCTGCTCCTCGGCCCTAGCACCGTTCAAGT CTTCCTCGGAGATTAGCTTTTGTTCACCGTTCAAATCTTCTTCAGAAATC AACTTTTGTTCGCTAGCTTCTTTATTTTCATCTTTTTTTTCATTTTTAAA TAAATCTCCACTG to introduce a 3× MYC tag and inserted into pyEOE-attP between XhoI and EagI, resulting in the plasmid pyEOE-attP-EXP2-3× MYC. A truncated version of the exp2 coding sequence ending at codon position 233, was subsequently amplified with the primers CGAATAAACACGATTTTTTCTCGA GATGAAAGTCAGTTATATATTTTCCTTTTTTTTGTTATTCTTCG and AATCAACTTTTGTTCGCTAGCATCTACATCAAACTCATATTTTCCACTTTC and inserted into this vector between XhoI and NheI, resulting in the plasmid pyEOE-attP-EXP2∆ 234-287-3× MYC. These plasmids and the pyEOE-attP empty vector were each co-transfected with pINT 35 into EXP2 apt ::HSP101-3× Flag parasites or NF54 attB at the mature schizont stage using program U-033 on a Nucleofector 2b and Basic Parasite Nucleofector kit 2 (Lonza). Selection with 2 µ M DSM1 32 was applied 24 h post-transfection (in addition to 2.5 µ g ml -1 Blasticidin-S and 1 µ M aTc for the maintenance of endogenous EXP2 control by the aptamer system). Following return from selection, parasites were cloned by limiting dilution and expression of EXP2 second copies was confirmed by western blot analysis.
For split GFP assays, the GFP1-10 sequence containing the SERA5 signal peptide for secretion into the parasitophorous vacuole was synthesized as a gene block (signal peptide in lower-case letters): atgaagagttatatttcgctcttctttatcttgtgcgtc atcttcaataagaatgtcatcaaatgtactggcgagagtATGAGCAAAGGAGAAGAACTTTT CACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGG CACAAATTTTCTGTCAGAGGAGAGGGTGAAGGTGATGCTACAATCG GAAAACTCACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTT CCATGGCCAACACTTGTCACTACTCTGACCTATGGTGTTCAATGCTTTTC CCGTTATCCGGATCACATGAAAAGGCATGACTTTTTCAAGAGTGCC ATGCCCGAAGGTTATGTACAGGAACGCACTATATCTTTCAAAGATGAC GGGAAATACAAGACGCGTGCTGTAGTCAAGTTTGAAGGTGATACCCT TGTTAATCGTATCGAGTTAAAGGGTACTGATTTTAAAGAAGATGGAAAC ATTCTCGGACACAAACTCGAGTACAACTTTAACTCACACAATGTATACA TCACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCACA GTTCGCCACAACGTTGAAGATGGTTCCGTTCAACTAGCAGACCATTATCA ACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACC ATTACCTGTCGACACAAACTGTCCTTTCGAAAGATCCCAACGAAAA GTAA. The gfp1-10 sequence was PCR amplified with, or without, the sera5 signal peptide using the forward p ri me rs A AA TA TA TC AC CT AG GA TG AA GAG T TA TA TT TC GC TCTTCTTTATCTTGTGC or AAATATATCACCTAGGA TGAGCAAAGGAGAAGAACTTTTC, respectively, and the reverse primer ATAACTCGACCTTAAGTTACTTTTCGTTGGGATCTTTCGAAAGGACAG. Each amplicon was inserted between AvrII and AflII in the plasmid pLN-ENR-GFP 35 . The resulting plasmids, pLN-spGFP1-10 and pLN-cytGFP1-10, respectively (which also contain the attP sequence), were co-transfected with pINT into NF54 attB parasites and selection with 2.5 µ g ml -1 blasticidin-S was applied 24 h post-transfection. A clone was derived by limiting dilution from each resulting parasite population and designated as spGFP1-10 or cytGFP1-10, respectively. To tag endogenous PTEX components with GFP11, the 3× HA-GFP11 s eq ue nce was synthesized as the gene block C CT AG GT AC CC GT AC GA CG TC CC GG AC TA CG CT GG CT AT CC CTATGATGTGCCCGATTATGCG T AT CC TT AC GA Letters NATurE MIcrObIOlOgy TG TT CC AG AT TA TG CC GA TG GA GG GT CT GGTGGCGGATCAACAAGTCGT GACCACATGGTCCTTCATGAGTACGTAAATGCTGCTGGGATTACAT AACGGCCG, PCR amplified with the primers GATGAAAATAAAGAACCTA GGTACCCGTACGACGTCCCG and TAACTCGACGCGGCCGTTATGTAA TCCCAGCAGCATTTACG and inserted between AvrII and EagI in pyPM2GT-EXP2-mNeonGreen 24 , replacing mNeonGreen and resulting in the plasmid pyPM2GT-EXP2-3× HA-GFP11. Flanks targeting the 3ʹ end of hsp101 were PCR amplified from pPM2GT-HSP101-3× Flag using the primers CACTATAGAACTCGAGAATTACGCATATATATATATATATATATATAT AACATGGGTTG and GACGTCGTACGGGTACCTAGGGGTCTTAGATAAGTT TATAACTAAGTTTTTAGC and were inserted between XhoI and AvrII in pyPM2GT-EXP2-3× HA-GFP11, resulting in the plasmid pyPM2GT-HSP101-3× HA-GFP11. To edit the 3ʹ end of ptex150, a gRNA target site was chosen just downstream of the ptex150 stop codon (TGGGAACCTCTTGTGTTTTA) and the gRNA seed sequence was synthesized as a sense and anti-sense primer pair (sense: TAAGTATATAATATTTGGGAACCTCTTGTGTTTTAGTTTTAGAGCTAGAA), annealed and inserted into the BtgZI site of pAIO, resulting in the plasmid pAIO-PTEX150-CT-gRNA. A 5ʹ homology flank (up to, but not including, the stop codon) was amplified from NF54 attB genomic DNA using the p ri me rs G CC TT AT AA TC GT TC CT TT TG AG AA CC TT AA GC TT CT-TA GGACAAAATGGTACATATC a nd G AC GT CG TA CG GG TA CC TA GG GT-TA TC AT CT TC TT CT TC GTCTAATTCTTCTTCATC. A 3ʹ homology flank beginning just downstream of the g RN A target site was amplified using the primers C AC TA TA GA AC TC GA GG GT AT AG AA AA AA TA TA TA AT ATTTATATGCTT TTCTGCC and G AT AT GT AC CA TT TT GT CC TA AG AA GC TT AA GG TT CT CA-AAAGGAACGATTATAAGGC. The flank amplicons were assembled in a second PCR reaction with the primers CACTATAGAACTCGAGGGTATAGAAAAAAT ATATAATATTTATATGCTTTTCTGCC and GACGTCGTACGGGTACCTAG GGTTATCATCTTCTTCTTCGTCTAATTCTTCTTCATC and were inserted between XhoI and AvrII in pyPM2GT-EXP2-3× HA-GFP11, resulting in the plasmid pyPM2GT-PTEX150-3× HA-GFP11. These GFP11 tagging plasmids were each linearized at the AflII site introduced between the 3ʹ and 5ʹ homology flanks and co-transfected with their respective EXP2, HSP101 or PTEX150 Cas9/gRNA plasmids into spGFP1-10 and cytGFP1-10 parasites. Selection was applied with 2 µ M DSM1 24 h post-transfection.
Antibodies. The following antibodies were used for immunofluorescence assay (IFA) and western blot analysis at the indicated dilutions: rabbit polyclonal anti-HA SG77 (ThermoFisher; 1:1,000 (western blot)); mouse anti-Flag monoclonal antibody clone M2 (Sigma; 1:500 (IFA), 1:500 (western blot)); rabbit monoclonal antibody anti-Flag 8H8L17 (ThermoFisher; 1:500 (western blot)); mouse anti-EXP2 monoclonal antibody clone 7.7 36 (1:1,000 (western blot)); mouse anti-HRP2 monoclonal antibody 2G12 37 (1:500 (IFA)); rabbit polyclonal anti-SBP1 38 (1:500 (IFA)); rabbit polyclonal anti-PfHAD1 39 (1:500 (western blot)); mouse anti-cMYC monoclonal antibody 9E10 (ThermoFisher; 1:300 (western blot)) and rabbit polyclonal anti-Plasmodium Aldolase ab38905 (Abcam; 1:1,000 (IFA)).
Parasite growth assays. Following extensive aTc washout, parasites were plated with, or without, 1 µ M aTc in triplicate at an initial parasitaemia of 1%. Media were changed every 48 h and 1:1 subculture was performed as needed (generally, every other day starting at 96 h) to avoid culture overgrowth. Parasitaemia (percentage of total RBCs infected) was measured every 24 h by flow cytometry on a FACSCanto (BD Biosciences) by nucleic-acid staining of cultured RBCs with phosphatebuffered saline (PBS) containing 0.8 µ g ml -1 acridine orange (gating strategy is shown in Supplementary Fig. 13 ). Cumulative parasitaemias were back-calculated based on the subculture schedule and data were fitted to an exponential growth equation to determine rate constants using Prism (Graphpad).
IFA and quantification of protein export. To evaluate protein export by IFA, mature schizonts were purified on an LD column using a QuadroMACs magnetic separator (Miltenyi Biotech) and allowed to invade fresh, uninfected RBCs with shaking for 3 h before treatment with 5% w/v d-sorbitol to destroy unruptured schizonts. Pulse-invaded cells were washed extensively to remove aTc and then plated with, or without, 1 µ M aTc and allowed to develop for 24 h post-invasion. Cells were fixed with PBS containing 4% paraformaldehyde and 0.0075% glutaraldehyde (for the detection of HRP2) or cold 100% acetone (for detection of SBP1) and processed for IFA as previously described 5 . Primary antibody solutions contained either mouse anti-HRP2 and rabbit anti-Plasmodium aldolase (to mark the parasite and parasitophorous vacuole, see below) or rabbit anti-SBP1 and mouse anti-Flag (detecting HSP101-3× Flag to mark the PVM). After washing, secondary antibody incubation was carried out for 1 h with Alexa Fluor anti-mouse 594 and anti-rabbit 488 IgG antibodies (for HRP2 experiments) or anti-rabbit 594 and anti-mouse 488 IgG antibodies (for SBP1 experiments) (Life Technologies), each diluted 1:2,000. After the final washing, coverslips were mounted using Prolong antifade Gold with DAPI (Life Technologies). Images were collected with an ORCA-ER CCD camera (Hamamatsu) using AxioVision software on an Axio Imager.M1 microscope (Zeiss) with a × 100 oil immersion objective, using the same exposure times for each image (100 ms for HRP2-594 and 150 ms for Aldolase-488, for HRP2 experiments or 300 ms for SBP1-594 and 150 ms for Flag-488, for SBP1 experiments). Ten images were acquired for each condition using the DAPI channel for field selection to avoid bias. Images were then analysed using Volocity 6.3 (PerkinElmer).
The border of each single-infected erythrocyte was traced using the differential interference contrast channel as a guide to define a region of interest (ROI). In HRP2 export experiments, the parasite was marked using the 'find objects' measurement tool for the strong cytosolic signal from the Plasmodium aldolase-488 channel (automatic threshold setting with threshold offset set to − 40% and minimum object size set to 0.5 µ m 2 ). Given the intimate apposition of the PVM to the PPM, the aldolase signal was found to be suitable for marking both compartments. The signal corresponding to exported HRP2 was determined for each infected erythrocyte by removing the HRP2 signal within the aldolase object boundary in each ROI using the 'subtract' tool and the mean fluorescence intensity of the HRP2 signal remaining in each ROI was collected. In SBP1 experiments, the PVM was marked using the 'find objects' measurement tool for the HSP101-3× Flag-488 channel (automatic threshold setting with threshold offset set to − 30% and minimum object size set to 0.5 µ m 2 ). Individual Maurer's clefts were identified using the 'find spots' measurement tool for the SBP1-594 channel (offset minimum spot intensity set to 40% and brightest spot within radius set to 0.5 µ m). All spots within the PVM object boundary were then removed using the 'subtract' measurement tool and the number and fluorescent intensity of the remaining spots in each ROI were collected. Six independent experiments were performed. Two representative experiments were quantified and the data were pooled and plotted with Prism.
Transmission electron microscopy. Infected RBCs were fixed in 100 mM sodium cacodylate buffer, pH 7.2 containing 2% paraformaldehyde and 2.5% glutaraldehyde (Polysciences) for 1 h at room temperature for ultrastructural analyses. Samples were washed in sodium cacodylate buffer at room temperature and post-fixed in 1% osmium tetroxide (Polysciences) for 1 h. Samples were then extensively rinsed in dH 2 0 before en bloc staining with 1% aqueous uranyl acetate (Ted Pella) for 1 h. Following several rinses in dH 2 0, samples were dehydrated in a graded series of ethanol and embedded in Eponate 12 resin (Ted Pella). Sections (95 nm thick) were cut with a Leica Ultracut UCT ultramicrotome (Leica Microsystems), stained with uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX transmission electron microscope (JEOL USA) equipped with an AMT 8-megapixel digital camera and AMT Image Capture Engine V602 software (Advanced Microscopy Techniques).
Time-resolved western blot and immunoprecipitation.
For time-resolved analysis of EXP2 and HSP101 by western blot, magnet purified terminal schizonts were allowed to pulse-invade fresh RBCs with shaking for 4 h before treatment with 5% w/v d-sorbitol to destroy unruptured schizonts. Synchronized cultures were harvested every 6 h, for the duration of the developmental cycle and the erythrocyte cytosol was released by treatment with cold PBS containing 0.025% saponin (Sigma). Pellets were stored at − 80 °C until all samples were collected and were then processed in parallel for western blot analysis. Pellets were lysed in RIPA buffer containing EDTA-free protease inhibitor cocktail (Roche), briefly bath sonicated and then centrifuged to pellet hemozoin. Supernatants were lysed in sample buffer containing dithiothreitol and boiled before separation by SDS-poly acrylamide electrophoresis (SDS-PAGE). For immunoprecipitation, time-resolved samples were similarly prepared and pellets were lysed in PBS containing 0.4% Triton X-100 and EDTA-free protease inhibitory cocktail. Hemozoin was cleared and lysates were rotated overnight at 4 °C with anti-Flag M2 agarose (Sigma) equilibrated in the lysis buffer. After extensive washing, agarose beads were eluted by boiling in sample buffer without dithiothreitol (to minimize release of anti-Flag IgG heavy and light chains) before separation by SDS-PAGE. Western blot imaging was carried out with an Odyssey infrared imaging system (Li-COR Biosciences). Detection of primary antibodies was achieved with IRDye 680-or 800-conjugated secondary antibodies (Li-COR Biosciences) used at 1:10,000. Signal quantification was performed with Image Studio software (Li-COR Biosciences).
Electrophysiology. Late-stage parasites were liberated in their PVM after Percoll isolation 40 . Briefly, 0.5 ml of culture (5% haematocrit, < 5% parasitaemia) was layered onto 65% Percoll. After a brief spin down, cells were collected from the interface. The cells were then washed three times in culture medium and incubated in 200 µ l isotonic 'high-potassium' buffer (140 mM KCl, 5 mM NaCl, 0.4 mM CaCl 2 , 0.4 mM MgCl 2 , 25 mM HEPES, 4.5 mg ml -1 glucose and 0.5% Albumax II) for 1 h. To confirm liberation from the host RBC, which often stays attached to the parasite, 66 nM phalloidin-Alexa488 (Invitrogen) was used in the high-potassium buffer to label the attached RBC. Fifty microlitres of this cell suspension were added to 3 ml buffer A in the observation dish (fluorodish, WPI). The dish was mounted on the stage of a Zeiss Observer D200, equipped with a × 100 1.45NA oil objective, a filter-set for Alexa 488 (excitation 450-490 nm, emission 500-550 nm) and a Coolsnap EZ2 camera (Photometrics). Images were recorded using Micro Manager 1.4.21 and 1.4.22 41 . Pipettes were pulled using a Sutter instrument (Novato) pipette puller from Borosilicate glass capillaries (1.5 mm outer diameter, 0.86 mm inner diameter, in factory fire-polished, Sutter instrument). Buffer A (150 mM NaCl, 5 mM KCl, 1.4 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES NaOH Letters NATurE MIcrObIOlOgy (pH 7.4 ) and 4.5 mg ml -1 glucose) was used as bath buffer and buffer B (155 mM CsCl, 1.4 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES NaOH (pH 7.4)) was used as pipette buffer, similar to a previously published study 8 . Permeability of the PVM channel to nutrient-sized molecules was tested with buffer O (155 mM N-methyl-d-glucamine, 155 mM l-glutamic acid, 1.4 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES NaOH (pH 7.4)). The concentration of small inorganic charge carriers is thus approximately 30 times lower in buffer O compared to buffers A and B. Conductivities of buffers were measured at 24 °C with a CDM230 Conductivity Meter (Radiometer Analytica): buffer A 17.3 mS cm -1 , buffer B 20.7 mS cm -1 and buffer O 5.23 mS cm -1 .
Electrophysiology data were recorded in pClamp10 using an Axopatch 200B, filtered at 10 kHz (8-pole Bessel) and digitized at 50 kHz using a digidata 1332 A or 1550B4 (all Molecular Devices). Command voltage denotes the voltage dialled on the amplifier; whereas the applied voltage is the voltage reduced by the product of current and access resistance (15) (16) (17) (18) (19) (20) , necessary to plot the conductance-voltage response correctly. Voltage convention for the data presented is bath to ground and voltages applied to the pipette. Data were analysed using ClampFit10 and custom matlab scripts. The error for data shown in Fig. 3h ,i was calculated in Excel (version 2016, Microsoft), the P value in Fig. 3i was calculated in R (version 3.5.0, R core Team) with the fisher.test function, otherwise Prism was used.
Unless otherwise noted, sub-conductance steps were identified as the peaks ('findpeaks' function of matlab) in a derivative (dt = 200 us) of the current trace filtered offline with a 500 Hz 8-pole Bessel filter. The difference between the current before and after the step was recorded as step size.
The rapid voltage response of the PVM channel makes it difficult to reliably find the maximum current for the normalization of the current using a voltage step protocol. As an alternative, conductance normalized to the conductance at − 20 mV was plotted here to reflect on the open probability of the channel. The mean current at 0 mV was subtracted from the mean current of second half of the voltage step to adjust for drift and divided by the applied voltage. Normalization is done with conductance derived from the drift corrected mean current of the second half of the step to − 20 mV at the end of each sweep.
The conductance-voltage curves were fit to a piece-wise linear function in the form Statistics and reproducibility. Fig. 1c-e and Supplementary Fig. 9d . Exact P values < 0.001 were calculated using the T.DIST.2 T function in Excel for Mac (version 15.38, Microsoft) . Fig. 3a . The presence of PVM around released parasite was observed in 3 independent experiments. The observation was published previously with the same technique 24 . Approximately 100 parasites were inspected and found to be retained in their PVM. A representative example was imaged and selected for the figure. Supplementary Figure 6) . Fig. 3f . The example was chosen from the recordings that were used to generate Fig. 3g . Fig. 3h . The f chan is calculated from a series of independent patch-clamp experiments, n = 25, 35, 35 and 31 for 10%, 40%, 100% and 150% EXP2 expression, respectively. Fig. 3i . Bars denote f chan calculated from independent patch-clamp experiments, n = 35 and 28 for NF54 attB and NF54 attB ::HSP101 DDD -TMP, respectively. P value was calculated as previously described 43 
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Sample size f_chan sample size was predetermined to ~30 to be able to resolve differences of ~30% in the binary metric. Voltage response of the parasite lines was consistent and did not require sample size considerations, data was collected from parasites cultured in red blood cells from at least three different donors. Organic ion permeation is shown with an example showing a single-channel recording but was seen also in recordings with multiple channels (also see the Statistics and Reproducibility statement in the text).
Data exclusions Data for voltage response was analyzed from experiments with at least 1 nS conductance to reflect on the ensemble behavior of the channel.
Replication
Parasite growth and export assay data was collected from cells cultured in at least two different donor blood samples in experiments performed independently on different days. Electrophysiology data was collected from cells cultured in at least 3 different donor blood samples.
Randomization In parasite growth and export assays, samples were + or -aTc treatment to facilitate expression or knockdown of exp2, respectively. In export assays, individual cells analyzed in these conditions were selected by choosing fields using DAPI stain (blind to the experimental channels). All single infected cells in each chosen field were incorporated into the analysis as described in the methods.
Blinding
Immuno fluorescence image acquisition for export assays was performed blind to the experimental channels using the DAPI channel as described in the methods. For electro physiology studies, blinding was not done as experimenters were also culturing cells and analyzing data.
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Antibodies
Antibodies used
The following primary antibodies were used for IFA and western blot: rabbit polyclonal anti-HA SG77 (ThermoFisher, catalog # 71-5500) (WB: 1:1,000); mouse anti-FLAG mAb clone M2 (Sigma, catalog # F1804) (IFA: 1:500, WB 1:500); rabbit mAb anti-FLAG 8H8L17 (ThermoFisher, catalog # 701629) (WB: 1:500); mouse anti-EXP2 mAb clone 7. Authentication PCR amplified regions from the NF54attB genome were found to match the genome sequence for 3D7, a sub clone of NF54. The prescence of the cg6 localized attB sequence was verified by successful Bxb1 integration at that site.
Mycoplasma contamination
Cell lines were not tested for mycoplasma contamination.
Commonly misidentified lines (See ICLAC register)
No commonly misidentified lines were used in the study.
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Population characteristics
For electrophysiology experiments parasites were cultured in human red blood cells obtained from de-identified donors participating in the NIH IRB-approved Research Donor Program in Bethesda, MD. For all other experiments, de-identified, IRBexempt expired RBCs were obtained from the blood bank at the St. Louis Children's Hospital or directly from the American Red Cross.
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Methodology Sample preparation
Cultured red blood cells infected with Plasmodium falciparum were directly diluted 1:20 into PBS containing acridine orange and immediately analyzed.
Instrument BD Biosciences FACSCanto
Software FACSDiva was used for collection and analysis.
Cell population abundance Cell populations were all Plasmodium falciparum infected red blood cells. These populations varied from about 1% to about 10%
infected RBCs of the total red blood cell population.
Gating strategy
All red blood cells were gated by FSC/SSC. This population was then gated by FITC and PerCP-Cy5.5. The gate was defined by
